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Regardless quite assertive proofs of horizontal gene transfer into plant mitochondria, the phenomenon existent
in many organisms, this field of research still lacks comprehensive information about the mechanism of gene
transfer into mitochondria. Up to now, such questions as how nucleic acids traverse mitochondrial membranes
and maintain stability in the mitochondrial genome remain the focus of such researches. Circular and especially
linear plasmids present in mitochondria of many plant species could be a convinient tool to investigate the
mechanisms of mitochondrial membrane DNA transfer and serve as mitochondrial integrative vectors.
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The transformation of mitochondria in vivo is a funda-
mental scientific problem of a significant biomedical
and biotechnological interest. However, up to the pre-
sent, the resolution of this problem is still unachie-
vable. The main complications of mitochondrial trans-
formation are (i) the small size of mitochondria which
makes it difficult to deliver DNA inside the organelles
by methods which are in use for chloroplast transfor-
mation (bioballistic method); (ii) the absence of a rele-
vant gene-reporter, which would allow to select the trans-
formed mitochondria; (iii) the presence of numerous
mitochondria population in each cell, which is an ob-
stacle for manifesting the transformed genotype at the
level of a whole cell. It is important to mention also that 
for getting inside the mitochondria, nucleic acids must
be transferred through the hydrophobic cellular and mi- 
tochondrial membranes. Inside mitochondria the fo-
reign DNA must be maintained at steady level either by 
autonomous replication or by being incorporated into
the high molecular weight mitochondrial DNA (via re-
combination) and, at last, imported DNA must be ex-
pressed and provide some selective advantage of the
transformed mitochondria in heteroplasmic population
of organelles in whole cell.
The attempts of mitochondrial transfection of euka- 
ryotes have being undertaken throughout the last two
and a half decades. Various methods were tested both
to deliver DNA into mitochondria and to make the mi-
tochondrial genome to express the introduced genetic
material. The methodical approaches of mitochondrial
transformation in vivo were such as (1) bioballistics,
this method was limited by using budding yeast and
Chlamydomonas reinhardtii [1–4]; (2) cell biology ap-
proach, when cells deprived of nucleus but carrying mi-
tochondrial DNA with certain traits, were merged with
cells without mtDNA [5, 6]; (3) microinjection of reci-
pient cells by mitochondria containing DNA with cer-
tain genetic characteristics [5, 7, 8]; (4) co-incubation
of mitochondria with ρ0 cells [9, 10]; (5) using of speci-
fic carriers: cell incubation with dequalinium particles
[11, 12] or mitochondriotropic liposomes [4] loaded
with DNA; (6) protein transformation, when DNA is
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linked to hybrid protein, consisting of transduction part,
which accommodates the mitochondrial transport, and
of a TFAM factor [13–15].
The more effective attempts of allogenic DNA trans-
portation into mitochondria are based on the usage of
isolated organelles. To deliver DNA into isolated mito- 
chondria in organello, several approaches were tested:
(1) translocation of protein-DNA conjugates [16, 17] or 
of PNA-DNA complexes [18] by means of protein mito-
chondrial transport machinery; (2) electroporation [19–
23]; (3) bacterial transfection [24]; (4) mechanism of a
natural mitochondrial competence [25–27]. 
It is known that a natural mechanism of mitochond- 
rial RNA molecules transport exists in many eukaryote
organisms (review [28]). This RNA, which is necessary 
for mtDNA replication and expression, is formed as a
result of appropriate nuclear genes expression and im-
ported into mitochondria by mechanisms differing for
various organisms. Those mechanisms include some
elements of protein (for yeast and mammals [29]) or nuc-
leotide (for plants [30]) mitochondrial transport. Plant
and trypanosome mitochondria import from cytosol se- 
veral tRNA absent in mitochondrial genome, mam-
malian mitochondria import 5S rRNA, the component
of RNase P [31]. 
Using the phenomenon of tRNALys natural mito-
chondrial transport in yeast, by Kolesnikova et al. [32]
it was shown that the import of modified tRNALys into
mitochondria of human cell culture manifesting the mi- 
tochondrial translation defect MERRF can partially res-
tore mitochondrial functions.
At first, the attempts of DNA delivery into isolated
mitochondria were based mostly on using either the pro-
tein transport machinery accommodating the transport
of nucleic acid through the mitochondrial membrane
[17] or the electroporation [19]. Specific genetic const-
ructs, which represented DNA-protein complexes, con- 
taining mitochondrial protein signal peptides, were ex-
pressed in cytosol in order to transfer DNA into mito-
chondria via mechanism of protein transport [18, 16].
The same mechanism was supposed to be involved in
transfer of synthetic PNA molecules, combining the fea- 
tures of proteins (chemical link) and of nucleic acids
(nucleotide bases). 
As a whole, those approaches are difficult enough
technically and, as it was shown practically, had little
effectiveness in vivo applications. Only in one of the
studies, authors [21] showed functionality of the DNA
imported into mitochondria with the help of electro-
poration, namely, transcription and editing of RNA,
transcribed from the xenogenic genetic material. In this
study, the isolated plant mitochondria were used.  
The distinctive features of plant mitochondria are si-
zes of their genomes, which are several-fold greater than
those of other eukaryotes, and the presence of subge-
nomic molecules and plasmid-like DNAs, replicated au-
tonomously of the main mitochondrial genome (Table).
Those particularities allows to assume that plant mito-
chondria might possess a mechanism of a natural com-
petence to uptake foreign DNA, resembling that of the
process in bacterial cells. The preliminary proofs of
such a DNA mitochondrial transport mechanism exis-
tence in plants were gained by using of bacterial vectors
as both vehicles and templates in the system of mito-
chondrial DNA and RNA synthesis [58, 59]. Further
studies showed that mitochondria, isolated not only
from various plant species (potato, maize, cauliflower,
tobacco cell suspension culture), but also from mam-
mals (rat liver, human cell cultures) are capable to im-
port double-stranded linear DNA molecules of a reaso-
nable size (< 10 kb) via an active mechanism, nonspeci- 
fic to DNA sequence [25, 26]. It was shown that foreign 
genetic material, namely gfp gene, constituting part of
the construct based on the maize mitochondrial plas-
mid and controlled by mitochondrial regulatory sequen-
ces, could be expressed and to serve as a template for
DNA synthesis. The presence of the mitochondrial re-
gulatory sequences in the construct was critical both for 
DNA and for RNA synthesis.    
In study [60], authors obtained proofs of imported
foreign DNA integration into potato mitochondrial ge-
nome via mechanism of homologous recombination. It
was established that (1) the gene-reporter can be inte-
grated into mitochondrial genome without duplications 
and deletions; (2) recombination occurs at regions, flan-
king the gene-reporter, homologous to mitochondrial
genome; (3) the exchange of homologous sequences ta- 
kes place at the range of 0.5-0.6 kb in regions flanking
the gene reporter; (4) recombination process does not
require strict homology between the integrated sequen- 
ce and the mitochondrial DNA. In studies [61, 62] it
was also shown that the imported DNA could serve as a 
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template for repair system in mitochondria isolated both
from plants and mammals.
The mechanisms of the DNA import into mitochond- 
ria isolated from plants and mammals apparently are dif-
fering. For the import of DNA into plant mitochondria
it was shown the participation of two mitochondrial
membrane proteins, mitochondrial porin (or VDAC, vol- 
tage dependent anion channel) in the outer membrane
and adenine nucleotide translocase (ANT) in the inner
membrane [25]. The functionality of VDAC in DNA im- 
port was confirmed as well for the mitochondria of mam-
mals [26] and yeast [63] but, at the same time, the inhibi-
tors and the effectors of the ANT did not influence the
process of DNA transfer in the mitochondria of these or-
ganisms. So, the DNA transport into mammalian mito-
chondria is more similar with that of existing in yeast
rather than in plants.
In previous studies, where DNA molecules of sizes
less than 10 kb (the main substrate was the mitochond-
rial plasmid of 2.3 kb from Zea mays [54]) were used as
import substrates, it was shown that the import into
mitochondria isolated both from plants and mammals
has no specificity concerning the DNA sequence [25,
26]. For plant mitochondria it was established that (1)
DNA import does not depend on nucleotide sequence
of the imported molecule; (2) the import efficiency de-
creases with increasing of imported DNA molecule si-
ze; (3) import of circular DNA molecules is not as effec-
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Plant species Size, kb Structure Integration into mt-genome References
Beta vulgaris 
var. maritima 
1.3; 1.4; 1.44; 1.6
10.4 
Circular
Linear
N/a*
+ (?)
[33]
[34]
Chenopodium album L. 1.3 Circular N/a [35]
Brassica campestris 11.3 Linear + (partially) [36]
Brassica napus, Brassica rapa 11.6 Linear – [37]
Daucus carota (free and integrated) 9.2 Linear + [38]
Gissipium 2.4; 6.5 Circular N/a [39]
Heliantus annuus 1.4; 1.8; 1.8 Circular – [40]
Lupinus albus 1.4; 1.2 Circular – [41]
Oenothera berteriana 6.3–13.5 Circular N/a [42]
Oriza sativa 0.97; 1.5; 1.55; 2.14 Circular – [43]
Phoenix dactylifera L. 1.16; 1.35 Circular N/a [44]
Sorghum bicolor 1.36; 1.7; 2.3
5.3; 5.7
Circular
Linear
–
–
[45]
[46]
Triticum aestivum
Triticum compactum
0.3–6.0
0.3–6.0
Circular
Circular
N/a
N/a
[42]
Vicia faba 1.48; 1.7; 1.7 Circular N/a [47]
Zea mays
    S-cytoplasm (free integrated)
    RU-cytoplasm (free)
    N-cytoplasm (integrated)
    N-cytoplasm (integrated)
6.4; 5.45
7.46; 5.45
2.1; 2.3
1.4; 1.9
Linear
Linear
Linear
Circular
+
+
–
N/a
[48–50]
[51, 52]
[53, 54]
[55]
Zea diploperennis 5.4; 7.4 Linear N/a [56]
Zea luxurians 0.75; 5.4 Linear N/a [57]
*N/a – not available.
Plant mitochondrial plasmids
tive as that of linear molecules; (4) single-stranded
DNA is not imported into mitochondria. For the DNA
transport into mammalian mitochondria it was shown
one discrepancy as compared to the import into plant mi-
tochondria: they could uptake both the double-stranded
and the single-stranded DNA. In further study [64] it
was established that the DNA import into plant mito-
chondria is specific with respect to large DNA substra-
tes. For DNA import into plant mitochondria and into
mitochondria of human cell culture authors used the li-
near plasmid from rapeseed mitochondria (Brassica na- 
pus L.) with the size 11.6 kb [37]. This plasmid, like the
2.3 kb plasmid from Zea mays [54] is characterized by
the terminal inverted repeats present at the each end of
the molecules. It’s known that inside the organelles the- 
se repeats are covalently bound to proteins involved in
replication and maintaining of the plasmids. It was
shown that (1) the efficiency of large DNA molecules
import into plant mitochondria depends on molecule se-
quence; (2) the specificity of DNA import is mediated
by the presence of certain elements in their sequence,
namely, the terminal inverted repeats at the 5' and 3' end 
of the molecules. At that, the DNA import efficiency in- 
to mammalian mitochondria did depend neither on the
DNA molecule sequence, nor on its size.
All those data allows presuming that (1) the DNA
import into mitochondria of various taxonomic groups
(plants, fungi, mammals) occurs through different me-
chanisms; (2) the DNA import into plant mitochondria,
being specific with respect to substrate sequence and si-
ze, might take place via different biochemical mecha-
nisms. Circular and especially linear plasmids present
in mitochondria of many plant species could be a con-
venient tool to investigate the mechanisms of mitochond-
rial membrane DNA transfer and serve as mitochond-
rial integrative vectors.
Acknowledgements. The work was financially sup-
ported by grants from Russian Fund for Basic Research 
12-04-01400, 12-04-01027. 
Ì. Â. Êóë³í÷åí êî, À. Äèò ðèø, Þ. Ì. Êîí ñòàí òè íîâ 
Ãå íå òè÷ íà òðàíñ ôîð ìàö³ÿ ì³òî õîíäð³é: ìå òî äè÷ íèé âèá³ð 
ì³æ êëà ñè÷ íè ìè á³îò åõ íî ëîã³÷íè ìè ï³äõî äà ìè òà ïðè ðîä íîþ 
êîì ïå òåíö³ºþ îðãà íåë
Ðå çþ ìå 
Íåç âà æà þ ÷è íà äî ñèòü ïå ðå êîí ëèâ³ äî êà çè ³ñíó âàí íÿ ãî ðè çîí òàëü -
íî ãî ïå ðåíå ñåí íÿ ãåí³â ó ðîñ ëèíí³ ì³òî õîíäð³¿, ó ö³é îá ëàñò³ äîñë³ä- 
æåíü çà ëè øàºòüñÿ ÷è ìàëî íå âèð³øå íèõ ïè òàíü, çîê ðå ìà, íå â³äî -
ìèé ìî ëå êó ëÿð íèé ìå õàí³çì ãî ðè çîí òàëü íî ãî ïå ðåíå ñåí íÿ ãåí³â â
îðãà íå ëè. Íà ñüî ãîäí³ íå äî ê³íöÿ âèâ ÷å íî íèç êó ïè òàíü  ÿê òðàíñ -
ìåì áðàí íî ãî ïå ðåíå ñåí íÿ, òàê ³ óìîâ ³íòåã ðàö³¿ ãå òå ðî ëîã³÷íî¿
ÄÍÊ ó ì³òî õîíäð³àëü íèé ãå íîì âèäó-ðå öèï³ºíòà. Âè ÿâ ëåí³ â ì³òî -
õîíäð³ÿõ áà ãàòü îõ âèä³â âè ùèõ ðîñ ëèí ê³ëüöåâ³ ³, îñîá ëè âî, ë³í³éí³
ïëàçì³äè, ç îä íî ãî áîêó, º çðó÷ íèì ³íñòðó ìåí òîì äëÿ âèâ ÷åí íÿ ìå-
õàí³çì³â òðàíñ ìåì áðàí íî ãî ïå ðåíå ñåí íÿ ÄÍÊ ³, ç ³íøî ãî, – ìî -
æóòü ñëó ãó âà òè îñíî âîþ äëÿ êî íñòðó þ âàí íÿ ì³òî õîíäð³àëü íèõ
âåê òîð³â ³íòåã ðà òèâ íî ãî òèïó. 
Êëþ ÷îâ³ ñëî âà: òðàíñ ôîð ìàö³ÿ ì³òî õîíäð³é, ³ìïîðò ÄÍÊ,
ì³òî õîíäð³àëüí³ ïëàçì³äè, ì³òî õîíäð³àëü íà ìåì áðà íà.
Ì. Â. Êó ëèí ÷åí êî, À. Äèò ðèø, Þ. Ì. Êîí ñòàí òè íîâ 
Ãå íå òè ÷åñ êàÿ òðàíñ ôîð ìà öèÿ ìè òî õîí äðèé: ìå òî äè ÷åñ êèé 
âû áîð ìåæ äó êëàñ ñè ÷åñ êè ìè áè î òåõ íî ëî ãè ÷åñ êè ìè ïîä õî äà ìè 
è ïðè ðîä íîé êîì ïå òåí öè åé îðãà íåëë
Ðå çþ ìå 
Íåñ ìîò ðÿ íà äîñ òà òî÷ íî óáå äè òåëü íûå äî êà çà ò åëüñòâà ñó ùåñò- 
âî âà íèÿ ãî ðè çîí òàëü íî ãî ïå ðå íî ñà ãå íîâ â ðàñ òè òåëü íûå ìè òî -
õîí äðèè, â ýòîé îá ëàñ òè èñ ñëå äî âà íèé îñòà åò ñÿ ìíî ãî íå ðå øåí -
íûõ âîï ðî ñîâ, â ÷àñ òíîñ òè, íå èç âåñ òåí ìî ëå êó ëÿð íûé ìå õà íèçì
ãî ðè çîí òàëü íî ãî ïå ðå íî ñà ãå íîâ â îðãà íåë ëû. Íà ñå ãî äíÿø íèé
äåíü íå äî êîí öà èç ó÷å íû ìíî ãèå âîï ðî ñû êàê òðàíñ ìåì áðàí íî ãî
ïå ðå íî ñà, òàê è óñëî âèé èí òåã ðà öèè ãå òå ðî ëî ãè÷ íîé ÄÍÊ â ìè -
òî õîí äðè àëü íûé ãå íîì âèäà-ðå öè ïè åí òà. Îáíà ðó æåí íûå â ìè -
òî õîí äðè ÿõ ìíî ãèõ âè äîâ âû ñøèõ ðàñ òå íèé êîëü öå âûå è, â îñî-
áåí íîñ òè, ëè íåé íûå ïëàç ìè äû, ñ îä íîé ñòî ðî íû, ÿâ ëÿ þò ñÿ óäîá -
íûì èíñòðó ìåí òîì äëÿ èç ó÷å íèÿ ìå õà íèç ìîâ òðàíñ ìåì áðàí íî ãî
ïå ðå íî ñà ÄÍÊ è, ñ äðó ãîé, – ìî ãóò ñëó æèòü îñíî âîé  äëÿ êî íñòðóè- 
ðî âà íèÿ ìè òî õîí äðè àëü íûõ âåê òî ðîâ èí òåã ðà òèâ íî ãî òèïà.
Êëþ ÷å âûå ñëî âà: òðàíñ ôîð ìà öèÿ ìè òî õîí äðèé, èì ïîðò ÄÍÊ,
ìè òî õîí äðè àëü íûå ïëàç ìè äû, ìè òî õîí äðè àëü íàÿ ìåì áðà íà.
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